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The relativistic nature of Dirac electrons and 
holes in graphene profoundly affects the way they 
interact with impurities [1 — 7J. Signatures of the 
relativistic behavior have been observed recently 
in scanning tunneling measurements on individ- 
ual impurities |8j, but the conductance measure- 
ments in this regime are typically dominated by 
electron and hole puddles [2], [3J [9]. Here we 
present measurements of quantum interference 
noise and magnetoresistance in graphene pn junc- 
tions. Unlike the conductance, the quantum in- 
terference noise can provide access to the scat- 
tering at the Dirac point: it is sensitive to the 
motion of a single impurity [Tl llOL fTlj, it depends 
strongly on the fundamental symmetries that de- 
scribe the system |12|. 113] and it is determined by 
the phase-coherent phenomena which are not nec- 
essarily obscured by the puddles [14|. The tem- 
perature and the carrier density dependence of 
resistance fluctuations and magnetoresistance in 
graphene p-n junctions at low temperatures sug- 
gest that the noise is dominated by the quantum 
interference due to scattering on impurities and 
that the noise minimum could be used to deter- 
mine the point where the average carrier density 
is zero. At larger carrier densities, the amplitude 
of the noise depends strongly on the sign of the 
impurity charge, reflecting the fact that the elec- 
trons and the holes are scattered by the impurity 
potential in an asymmetric manner. 

Conductance fluctuations in disordered electron sys- 
tems are a consequence of the quantum interference be- 
tween the trajectories of charge carriers scattered on im- 
purities [T2l [T5] . In the case of static disorder within 
a phase coherent volume, the conductance shows repro- 
ducible aperiodic fluctuations, known as universal con- 
ductance fluctuations (UCF), as a function of magnetic 
field or chemical potential [12] . If the impurity configu- 
ration changes slowly over time, the trajectories of the 
scattered electrons will also change. This causes the con- 
ductance to fluctuate in time, and the noise power shows 
a 1/f type dependence [TQl [E3 [16]. One can easily dis- 
tinguish this mechanism from other sources of 1/f noise 
by its temperature dependence. While the conventional 
noise will typically increase with increasing temperature, 
the quantum interference noise will do the opposite: even 
though the impurities may fluctuate less at lower temper- 
atures, the phase coherent volume increases, including 
more impurities and increasing the contribution to the 
noise. 



The effects of quantum interference also lead to correc- 
tions to the average conductance: interference between 
backscattered paths causes weak localization in disor- 
dered electronic systems with weak spin-orbit coupling 
|17) . In graphene, the conservation of pseudospin pre- 
vents backscattering on long-range disorder potentials, 
and localization is expected only due to scattering on 
atomically sharp, short-range disorder, which can cou- 
ple the two valleys [3 . Quantum corrections and UCF 
as a function of magnetic field and chemical potential 
in graphene have been studied both experimentally and 
theoretically [3]. 

In the vicinity of the Dirac point, however, the pre- 
dictions of the quantum transport theory do not strictly 
hold and analytical treatment is not always possible. In 
clean graphene, transport in this regime is expected to 
be pseudodiffusive, occurring through quantum tunnel- 
ing of evanescent modes [18 . In the presence of disorder, 
however, the transport is dominated by the electron and 
hole puddles [9[ Qjj] . It has also been argued that charged 
impurities dominate the conductivity in graphene and 
that the minimum conductivity is not determined by the 
vanishing carrier density, but rather the added carrier 
density which neutralizes the impurity potential [2, 20 . 

In this work, we show that the time-dependent resis- 
tance fluctuations are determined by a different mech- 
anism than the resistance itself, and that they are due 
to fluctuations of the electron trajectories that take part 
in quantum interference. We argue that these measure- 
ments can access the details of impurity scattering in the 
vicinity of the Dirac point and that the asymmetry in 
the noise as a function of gate voltage is related to the 
asymmetry in the scattering of relativistic electrons and 
holes by the impurities present in the system. 

The devices were fabricated by mechanical exfoliation 
of natural graphite (see supporting materials for the de- 
tails of the sample fabrication). Scanning electron mi- 
croscope image of a typical device is shown in Fig. 1(a). 
All the measurements were done in a 4-probe geometry 
(schematic shown in Fig. 1(b)) to minimize the effects 
of contacts. In Fig. 1(c) we show the resistance (mea- 
sured at 250 mK) as a function of both back gate (Vb s ) 
and top gate voltage (Vr g ) for a p-n-p transistor device 
(SL1). All four regions (marked by p-p*-p, p-n*-p, n-n*-n 
and n-p*-n) are clearly visible (* denotes the carrier type 
under the top gate). In the absence of top gate voltage, 
the charge neutrality point (Vb) was found at Vsg = —6 
volts. 

Low-frequency noise measurements were carried out 
using the ac noise measurement technique |21j (see sup- 
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FIG. 1: Sample schematic and resistance as a function 
of gate voltages, (a) Colored SEM micrograph of a dual- 
gated single-layer graphene device. Au leads were defined 
on top of a single layer graphene flake using electron beam 
lithography. Doped silicon substrate is used as a back gate, 
and the Au top gate is deposited over an insulating layer of 
alunrinum oxide. The scale bar is 1 /im. (b) Schematic of 
the 4-probe measurement configuration for a device shown in 
a), (c) Color plot of the resistance as a function of top gate 
voltage and the back gate voltage for a dual-gated graphene 
device (SL1). The carrier type and the carrier density can be 
controlled independently by the two gates to create p-p*-p, 
p-n*-p, n-n*-n and n-p*-n regions (here * denotes the carrier 
type under the top gate). For Vr 9 = 0, the maximum in the 
resistance (Vd) is located at Vb 3 = —6 volts. 



porting materials for the details of the noise measure- 
ment). Both invasive and external voltage probes [55] 
were used for the noise measurements. The power spec- 
tral density (Sy) shows 1// Q dependence at all top gate 
voltages with values of a close to 1 (see supporting 
materials, Fig. SI). Normalized noise power density 
(= fSv/V 2 or fSi/I 2 ) was found to be independent 
of the bias current or voltage, ruling out any effects of 
heating by the bias current. The normalized noise power 
(fSy/V 2 ) shows a non-monotonic behavior as a function 
of top gate voltage. In Fig. 2(a) we show both the re- 
sistance and normalized noise as a function of Vr g - It 
is important to note that the peak in the resistance and 
the minimum in the noise (SV) do not coincide (see sup- 
porting materials, Fig. S2). To ascertain that this is 
not due to the experimental delay between the two mea- 
surements, we carried out simultaneous measurements of 
both noise and resistance as a function of Vr g (see sup- 
porting materials Fig. S2). In several samples, the noise 
power (SV) itself showed the non-monotonic behavior as 
a function of gate voltage (see supporting materials, Fig. 
S3 and S4). The noise measurements were highly re- 
producible over time at all temperatures, and did not 
depend on the direction or scan step of the gate voltage 
(see supporting material, Fig. S3 and Fig. S4). 

Measurements of 1/f noise in graphene have been re- 
ported before [2314271 . The non-monotonic behavior as 
a function of gate voltage has been attributed to charge 
noise [23j, interplay between majority and minority car- 
riers |24j and competition between long-range and short- 
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FIG. 2: Noise and the resistance as a function of gate 
voltage (a) Normalized noise power (left axis) and resistance 
(right axis) as a function of the top gate voltage. The mini- 
mum in the normalized noise power does not coincide with the 
maximum in the resistance, (b) fSv/V 2 and (dR/dVr g ) 2 /R 2 
as a function of top gate voltage. If the resistance fluctuations 
were dominated by the fluctuations in the carrier density, the 
two curves would be expected to coincide. It is evident that 
the minimum and the two maxima occur at different values 
of gate voltage, The measurements were done at 250 mK. 



range scattering [251 EZ| • We note that the noise observed 
here is markedly different from that discussed above - 
in our samples, the noise amplitude increases with de- 
creasing temperature, in contrast to the previously re- 
ported results (see supporting material, Fig. S5). Non- 
monotonic 1/f noise has also been recently predicted due 
to non-universal conductance fluctuations in a crossover 
between a pseudodiffusive and symplectic regime in clean 
graphene [TJ. 

In order to explain the origin of the noise, we consider 
three possible contributions: carrier density fluctuations, 
impurity fluctuations and contributions from the pn junc- 
tion interfaces. 

If we assume that the noise is determined entirely by 
the fluctuations in the carrier density [28] or mobility [29] , 
then the normalized noise power, Sy jV 2 and the contri- 
bution to the resistance fluctuations due to the carrier 
density (dR/dVr g ) 2 /R 2 should closely follow each other 



and exhibit a minimum at the same value of the gate volt- 
age [23l [27]- However, the two do not coincide, as shown 
in Fig. 2(b), indicating that the noise is not dominated 
by the fluctuations in the carrier density. 

Two main types of impurities are known to play a cru- 
cial role in determining the electronic transport proper- 
ties of graphene: short-range (SR) and long- range (LR) 
impurities [TH3]. SR impurities contribute to the resis- 
tance in a density- independent manner [30j . while the 
effect of LR impurities is inversely proportional to the 
density [31] . Consequently, if scattering on SR impuri- 
ties were the dominant source of resistance fluctuations, 
then the normalized noise would be expected to increase 
monotonically with increasing carrier concentration (n). 
On the other hand, if LR impurities dominated the noise, 
then its magnitude would decrease with increasing n. A 
cross-over from SR to LR impurity-dominated scattering 
could therefore account for the nonmonotonic behavior 
as a function of gate voltage. 

A possible evidence of such a crossover can be found 
in the temperature dependence of resistance and magne- 
toresistance as a function of Vp g , shown in Fig. 3. In 
Fig. 3(a) we show Vr g dependence of resistance at two 
different temperatures for a typical device (SL3). It is 
clear that the resistance increases with decreasing tem- 
perature in the vicinity of the Dirac point, but does not 
otherwise show a strong temperature dependence. Nor- 
malized noise and the temperature-dependent part of re- 
sistance are shown together as a function of top gate volt- 
age in Fig. 3(b). It is interesting to note that the regime 
in which the noise increases as a function of gate voltage 
coincides with the range of gate voltages for which the 
resistance depends on temperature (shaded region in Fig. 
3(b)). Outside the shaded region, the resistance becomes 
nearly temperature independent and the noise starts to 
decrease as a function of Vr g on both sides. 

The increasing resistance with decreasing temperature 
suggests localization, which should then also be appar- 
ent in magnetoresistance measurements. In Fig. 3(c) 
and 3(d) we show the magnetoresistance as a function 
of Vr g for the same sample. The magnetoresistance is 
negative and relatively large near the charge neutrality 
point (CNP). 

The negative magnetoresistance might be expected as 
a result of weak localization [32 and would suggest the 
important role of short range scatterers [3|. Negative 
magnetoresistance over relatively large magnetic field 
has also been observed in chemically modified graphene 
where short range scatterers were known to be present 

[331 I33I- 

We find that the sign and the magnitude of the mag- 
netoresistance depends on the position of the CNP as a 
function of gate voltage. In particular, if the CNP is lo- 
cated at negative gate voltage, then we observe negative 
MR up to relatively large negative gate voltages. It is 
evident in Fig. 3(c) and (d) that the maximum negative 
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FIG. 3: Temperature and magnetic field dependence 

of the resistance(a) Resistance of a typical dual-gated sin- 
gle layer graphene device at two different temperatures as a 
function of top gate voltage. The resistance does not depend 
on temperature away from the Dirac point, but increases with 
decreasing temperature in the vicinity of teh Dirac point, (b) 
The noise Sv/V 2 (right axis) and R0.25if-R2.5if (left axis) as 
a function of top gate voltage. It is evident that the regime 
in which the noise increases with the gate voltage (or carrier 
density) coinsides with the regime in which the resistance in- 
creases with decreasing temperature, (c) Color plot of the 
resistance as a function of the top gate voltage and the mag- 
netic field. Negative magnetoresistance is observed in the 
vicinity of the Dirac point, with the largest magnitude near 
the Dirac point (Vd=-1.1 V), and decreasing away from it. In 
this sample, magnetoresistance remains negative for negative 
Vr g — Vd , but it becomes positive at relatively large magnetic 
fields for positive values of Vrg — Vd- (d) Magnetoresistance 
as a function of magnetic field for three different values of 
top gate voltage (-1.1 V, -5V and 5V). These values are also 
marked by lines in (c). 



MR is observed at the CNP (located at Vr g = -1.1 volts 
at zero back gate voltage). Away from the CNP, the re- 
sistance shows an upturn as a function of magnetic field 
on the electron side (positive gate voltage) at a low gate 
voltage. On the hole side (negative gate voltage), nega- 
tive MR is observed up to large negative gate voltages, 
though the magnitude decreases with the increasing gate 
voltage. Similarly, if the CNP is located at the positive 
gate voltage, larger magnetoresistance is observed on the 
electron side. Such asymmetric effect of backscattering 
is consistent with a recent STM observation of quasi- 
particle interference on localized scattering centers [35j . 
The quasiparticle interference implies backscattering and 
was observed on scattering centers only in the electron 
puddles in the sample in which the CNP was located at 
positive gate voltage [35] . 

We also find that the position of the CNP affects the 
noise amplitude away from the CNP. Specifically, as we 
move away from the minimum, the noise as a function 
of gate voltage becomes asymmetric with respect to the 
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FIG. 4: Parallel pn junction device(a) Scanning electron 
microscope image of a single-layer parallel p-n junction de- 
vice (SL4). Position of the graphene flake is indicated by the 
blue shaded region. The top gate only partially covers the 
graphene channel. The scale bar is 1 /jm long, (b) Schematic 
of the four-probe measurement for the parallel p-n junction, 
(c) The noise (left axis) and the resistance (right axix) as a 
function of back gate voltage for zero top gate voltage. The 
noise minimum is located at Vb 3 = 8 V. (d) The schematic 
and the data of the noise as a function of top gate voltage 
at Vb s = 8 V. The blue solid line represents the noise sig- 
nal from the portion of the sample under the top gate, the 
straight black line represents the noise signal from the portion 
of the sample that is not covered by the top gate (this part 
is independent of the top gate voltage), and the red dashed 
line indicates the total noise signal that would be measured, 
to be compared with the data below the schematic. Similar 
schematics and the data are shown in (e) for Vsg — —4 V and 
in (f) for V Bg = -26 V. 



gate voltage, showing two peaks of different heights. We 
found that the peak height and position are related to 
the position of the CNP: if the CNP is located in the 
negative side of the gate voltage then the peak in the 
hole side is larger (Fig. 2(a), 3(b), and 5(b)). Similarly, 
if the CNP is located at a positive value of the gate volt- 
age (electron side), than the noise peak is larger on the 
electron side(Fig. 4(d)). We note that an asymmetric 
contribution to 1/f noise could arise due to fluctuating 
gate leakage current |27| . However, this contribution can 
be ruled out in our experiment (see supplementary infor- 
mation for details). 

To rule out the possibility that the measured noise is 
generated at the p-n junction interfaces (between two re- 
gions characterized by two different types of charge carri- 
ers), we fabricated a parallel p-n junction [36 (shown in 
Fig. 4(a)) and studied the noise characteristics as a func- 



tion of Vb 9 and Vr g - As the top gate voltage affects half 
of the sample in a parallel configuration (see Fig. 4(b) for 
a schematic), the resistance of the sample will be deter- 
mined by the parallel combination of the resistance of the 
two segments (portions with and without top gate) and 
lowest resistive path will dominate. However, the noise 
of the entire system will be determined by the maximum 
noise in either of the two segments. In the absence of 
the top gate voltage, the minimum in the noise is found 
at Vb 9 = +8 volts (Fig. 4(c)). As a function of Vr g , 
two maxima appear in the noise (Fig. 4(d)). As the back 
gate is set at the value at which the noise shows a mini- 
mum, we can safely assume that the maxima in the noise 
arise from the part of the sample under the top gate. We 
found that the peak on the electron side is larger than 
the peak on the hole side in this case (Fig. 4(d)). Away 
from the CNP the noise increases with Vbq on both sides 
(Fig. 4(c)). As a result, the shape of the Sy/V 2 vs. Vr g 
characteristics changes continuously with changing Vs g 
(Fig. 4(e) and (f)). It is evident from the data that noise 
is always large when the carriers under the top gate are 
electrons. In Fig. 4(f) we see that for Vr g = volts 
the carriers are holes (Vb 9 = -26 volts). If we add more 
holes by applying a negative Vr g , we find that the noise 
increases slightly. On the other hand, for positive Vr g , 
the charge carriers under the top gate are electrons and 
a sharp increase in noise is observed. This excess noise 
on the electron side suggests that the scattering by the 
impurities present in the system has a stronger effect on 
electrons compared to holes. 

The observed noise is clearly not due to the noise gener- 
ated at the p-n junction interface, because then we would 
not observe it in case of a parallel p-n junction. This 
also implies that the electron and hole puddles that form 
near the CNP are not responsible for the observed noise. 
Specifically, if the noise is determined by the resistance 
fluctuations at the p-n junctions formed by the puddles, 
then we would expect the noise to decrease with increas- 
ing gate voltage away from the CNP. As we move away 
from the CNP by increasing the gate voltage, the typical 
size of one type of puddles will decrease, so the effective 
p-n junction area will also decrease. Consequently, any 
noise generated by the current floeing through a pn junc- 
tion interface should decrease with increasing gate volt- 
age, opposite to our observations close to CNP. In the 
random resistor model of puddles in graphene, the resis- 
tance is determined by the weak links between p and n 
type regions [TH]- Any fluctuation of the junction resis- 
tance will give rise to low frequency noise. However, if 
the noise were generated due to the fluctuations of the 
p-n junction resistance, then we would not expect to see 
a strong temperature dependence, since the resistance in 
graphene does not vary strongly with temperature (see 
supporting materials Fig. S5). 

We also found that the negative magnetoresistance 
persists up to relatively large value of negative gate volt- 
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FIG. 5: The origin of the asymmetric shape A model and 
and the data showing how the asymmetric shape develops. In 
the upper left and right panel, the yellow curve indicates de- 
pendence of noise power on the gate voltage for short range 
scatterers. The vertical black dashed lines indicate the extent 
of the gate voltage up to which the short-range scatterers 
dominate. At larger values of gate voltage (corresponding to 
larger carrier densities), the long range scatterers dominate 
the noise and the noise decreases with further increase of gate 
voltage (denoted by the green line). Depending on the po- 
sition of the CNP, the effect of the backscattering (denoted 
by the black vertical dashed line) is extended more towards 
either electron side (for positive CNP) or hole side (for neg- 
ative CNP). Representative experimental data are shown for 
the cases in which the CNP was located at +8V (lower left 
panel, device SL4) and -10V (lower right panel, device SL6). 



age (hole- type carriers), when the CNP is located at the 
negative side of the gate voltage and vice versa. We note 
that magnetoresistance itself could possibly be due to the 
transmission through the pn interfaces formed by elec- 
tron and hole puddles at low carrier densities, although 
it is not obvious that this mechanism would result in 
negative magnetoresistance [37]. 

It is evident that the resistance increases with decreas- 
ing temperature in the same range of gate voltages for 
which the noise increases as a function of gate voltage 
(shaded region in Fig. 3.b). The maximal change in the 
resistance does not coincide with the minimum in the 
noise, which suggests that the resistance and the noise 
are dominated by different phenomena. This is also the 
same regime in which we see the largest negative mag- 
netoresistance. All three phenomena (increasing resis- 
tance with decreasing temperature, increasing noise as a 
function of gate voltage and negative magnetoresistance) 
could be explained in terms of scattering on SR impu- 
rities. STM measurements support the relevance of SR 
scatterers near the Dirac point: the results on epitaxialy 
grown graphene found that SR scatterers are the domi- 
nant scattering centers [38 . A more recent STM experi- 
ment found scatterers of the SR type only in the electron 



puddles in samples in which the charge neutrality point 
was located on the electron-doped side [35] , which is con- 
sistent with the asymmetry observed in our experiments. 

Keeping this in mind, we can understand the asymmet- 
ric shape of the noise through a model shown in Fig. 5. 
For a positive value of CNP, the backscattering and the 
increase of noise is observed over a large positive gate 
voltage. Assuming that the SR scatterers dominate in 
this regime, we would expect the noise to increase with 
increasing carrier density. This also implies that it is ac- 
tually the minimum in the noise, not the maximum in 
resistance, that reflects the vanishing carrier density. If 
we increase the gate voltage further, the noise becomes 
dominated by LR scatterers and we expect to see a de- 
crease in the noise with increasing gate voltage. Taken 
together, these two effects result in a non-monotonic and 
asymmetric shape of the noise as a function of the gate 
voltage. Similar results are obtained in the case when the 
CNP is located at a negative value of the gate voltage: 
Fig. 5 shows the model and the corresponding data for 
CNP located at +8 volts (left panel) and -10 volts (right 
panel). 

We note that a qualitatively similar non-monotonic be- 
havior in the quantum interference noise was predicted 
recently due to a crossover from the pseudodiffusive to 
symplectic metal regime [7j. While this could easily de- 
scribe our noise data, it is not obvious that our sam- 
ples are in the relevant regime. More detailed theoretical 
treatment would be needed to show whether the temper- 
ature dependence and magnetoresistance observed in our 
experiments are also consistent with such a crossover. 

Unlike conductivity, which is dominated by charge im- 
purities [2] I20j . we find that the quantum interference 
noise is dominated by scattering on disorder of a short- 
range type in the vicinity of the Dirac point. The ob- 
served asymmetry in the noise with respect to the gate 
voltage suggests that electrons and holes scatter differ- 
ently from the disorder potential. The nature of this 
asymmetry is consistent with that observed in conduc- 
tivity [5] and STM [33] measurements, and can be re- 
lated to the relativistic nature of electrons and holes in 
graphene. The minimum in the noise can be used to 
determine the gate voltage at which the carrier density 
vanishes, which, in disordered graphene, is not identical 
to the point at which the conductivity shows a minimum. 
This shows that quantum interference noise can be used 
as a probe that is complementary to conductivity and 
STM measurements and can be used to investigate the 
details of scattering of relativistic Dirac fermions. 
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